Abstract: To improve spectrum efficiency (SE) of minimum-shift keying (MSK) in orthogonal frequency-division multiplexing (OFDM) system, MSK is extended to a continuous-phase frequency-shift-keying (CPFSK) scheme with multiple modulation indices h in this paper. We theoretically prove that the available h for the proposed multiple-h OFDM-CPFSK scheme is only the multiple of 1/2. Subsequently, a simple triple-h OFDM-CPFSK scheme with h ¼ 0; 1=2; 1 is demonstrated as an example of the proposed multiple-h OFDM-CPFSK scheme. In our proof-of-concept experiment, a 10-Gb/s triple-h OFDM-CPFSK signal and a 10-Gb/s OFDM-MSK signal are successfully transported over 1000-km standard single-mode fiber. Electrical spectrum shows that the SE of the triple-h OFDM-CPFSK scheme is about twice as much as that of OFDM-MSK. Bit-error-rate performance of the 10-Gb/s triple-h OFDM-CPFSK signal and the 10-Gb/s OFDM-MSK signal after 300-and 1000-km transmissions demonstrates a robust performance of the triple-h OFDM-CPFSK scheme in long-haul highspeed transmission.
Introduction
Orthogonal frequency division multiplexing (OFDM) has recently been a promising modulation scheme in optical communication systems [1] - [3] . It provides a straightforward way to accommodate high data rate link to gain a robust performance. Conventionally, quadrature amplitude modulation (QAM) is commonly adopted in optical OFDM communication systems [4] - [6] , because of its high spectrum efficiency (SE) and simple implementation. However, OFDM-QAM suffers a large intercarrier interference (ICI) and spectrum-leakage in a practical nonideal communication system, for QAM scheme endures a slow roll-off side-lobe spectrum decaying asymptotically as f À2 [7] - [11] . Recently, to decrease ICI and spectrum-leakage, minimum-shift keying (MSK) scheme was proposed in OFDM communication systems [12] - [15] . MSK enjoys a much faster roll-off side-lobe spectrum decaying asymptotically as f À4 , for MSK has a linear continuous phase. Therefore, OFDM-MSK achieves a lower ICI and spectrum-leakage than OFDM-QAM does. However, SE of MSK is much lower than that of the commonly used high-order QAM because MSK is a binary modulation format. This disadvantage largely restricts the development of OFDM-MSK in long-haul high-speed optical communication systems. Therefore, improvement in SE of OFDM-MSK is required.
To address this problem, [16] - [18] proposed a multiple-amplitude MSK (MAMSK) scheme in OFDM communication systems. In MAMSK scheme, amplitude is utilized as a modulation parameter to improve SE of MSK. For every signal data, MAMSK provides it a pool of multiple amplitudes. In addition, as the introduction of multiple amplitudes does not change the phase trellis of MSK, MAMSK signal enjoys a linear continuous phase as MSK signal does. Therefore, OFDM-MAMSK not only improves SE of OFDM-MSK, but also enjoys a low ICI and spectrum-leakage in a practical nonideal OFDM communication system. However, MAMSK does not fully exploits the potential of MSK scheme in SE. In MAMSK scheme, only the amplitude is utilized as a modulation parameter to improve SE of MSK; while MSK is a 2-dimension modulation format, including the amplitude dimension and the phase dimension determined by its modulation index h. Its phase can also be utilized as a modulation parameter to improve its SE, as its amplitude does. Therefore, multiple-h scheme can be introduced to OFDM-MSK to further improve its SE.
To our best, no investigation about multiple-h OFDM-MSK scheme has been reported up to now as MSK inherently has a fixed h ¼ 1=2. In fact, multiple-h continuous-phase frequency shift keying (CPFSK) scheme can address this problem. CPFSK enjoys a linear continuous phase as MSK does and it can be multiple-h modulated. These merits guarantee OFDM-CPFSK to enjoy a low ICI and spectrum-leakage in a practical nonideal communication system as OFDM-MSK does. And also, the introduction of multiple-h scheme into OFDM-CPFSK can improve its SE. Therefore, OFDM-MSK scheme is extended to multiple-h OFDM-CPFSK scheme in this paper to improve SE of OFDM-MSK.
Besides, we theoretically prove that the available h in multiple-h OFDM-CPFSK scheme is only the multiple of 1/2. And then, a simple triple-h OFDM-CPFSK scheme with h ¼ 0; 1=2; 1 is demonstrated as an example of the proposed multiple-h OFDM-CPFSK scheme. In our proof-of-concept experiment, 10 Gb/s triple-h OFDM-CPFSK signal was successfully transported over 1000 km standard single mode fiber (SSMF). Electrical spectrums show that SE of the triple-h OFDM-CPFSK scheme is about twice as much as that of OFDM-MSK. Bit error rate (BER) performance of the 10 Gb/s triple-h OFDM-CPFSK scheme and 10 Gb/s OFDM-MSK after 300 km and 1000 km transmission shows a robust performance of the proposed scheme in long-haul high-speed transmission.
Principle
Generally, baseband CPFSK signal is expressed as,
where n ¼ h P nÀ1 q¼0 q þ represents a cumulative phase, n denotes the input bipolar data, is the initial phase, T is the CPFSK symbol interval, and h denotes the CPFSK modulation index.
Then OFDM symbol with baseband CPFSK signal can be written as,
where N denotes the number of total sub-carriers, sðk Þ is the sampled sðt Þ every T . The data rate is N=T . OFDM-CPFSK can be simplified to OFDM-MSK scheme which has gained substantial interest in recent years when a fixed h ¼ 1=2 is adopted. Fig. 1(a) shows the typical phase trellis of MSK scheme. Phase among the whole MSK symbol interval is linear continuous while phase among the whole QAM symbol interval is a constant. Therefore, MSK achieves a fast roll-off side-lobe spectrum decaying asymptotically as f À4 and thus OFDM-MSK enjoys a low ICI and spectrum-leakage in a practical nonideal communication system. However, MSK is a binary modulation format and thus it has a lower SE compared with the highorder QAM. This disadvantage largely restricts its development in high-speed long-haul optical OFDM communication systems.
To improve SE of OFDM-MSK, we extend it to a multiple-h OFDM-CPFSK scheme in this paper. In the multiple-h OFDM-CPFSK scheme, h is utilized as a modulation parameter. As MSK and CPFSK have the similar linear continuous phase and CPFSK can be modulated by h, the proposed multiple-h OFDM-CPFSK scheme enjoys a low ICI and spectrum-leakage as OFDM-MSK does and improves SE of OFDM-MSK. However, not all h can be utilized in a multiple-h OFDM-CPFSK scheme. The available h must make sub-carriers orthogonal to each other in the proposed scheme.
In order to make sub-carriers orthogonal, we need to make them orthogonal between any two sub-carriers in real domain,
where denotes the cumulative phase. To make sðt Þ ¼ 0, h must meet the following expression according to the integral periodicity of exponential function
where is a positive integer, l and m represent the l-th and the m-th sub-carriers, p is the p-th OFDM symbol. Therefore, according to Eq. (4), h must be multiple of 1/2 to make all sub-carriers orthogonal in real domain,
Therefore, according to Eq. (5), the available h in multiple-h OFDM-CPFSK scheme is only the multiple of 1/2. Then, to extend OFDM-MSK scheme to the multiple-h OFDM-CPFSK scheme, those h are utilized as a modulation parameter to modulate the signal data. Thus, the proposed multiple-h OFDM-CPFSK scheme has a higher SE than the OFDM-MSK scheme does. Subsequently, to investigate the performance of the proposed multiple-h OFDM-CPFSK scheme in optical communication systems, we give out a simple triple-h OFDM-CPFSK scheme with h ¼ 0; 1=2; 1 as an example in this paper. Phase trellis of the triple-h CPFSK scheme with h ¼ 0, 1/2, 1 is shown in Fig. 1(b) . Its implementation is as follows. The odd bit of the input binary data is used to decide h. h ¼ 1=2 is corresponding to data 1; h ¼ 1 is corresponding to data 0. The even bit of the input binary data is utilized to decide the phase slope during a symbol interval. If the even bit is 0, the corresponding slope during this symbol interval will be h=T ; else if the even bit is 1, the corresponding slope during this symbol interval will be Àh=T .
However, if h ¼ 1, the phase slope will be =T or À=T according to this mapping rule. This will cause a phase faintness. The phase difference between the different input binary data at the next sampling time will be 2, and thus it is difficult to demodulate the next symbol. Therefore, to eliminate this phase faintness, h ¼ 0 is introduced to the proposed scheme. If h ¼ 1 and the even bit is 0, slope =T will be adopted; else if h ¼ 1 and the even bit is 1, slope 0 will be selected. Then, the encoded triple-h CPFSK signal is sampled every T and this sampled data sequence is fed into an inverse fast Fourier transform (IFFT) module to generate the triple-h OFDM-CPFSK signal.
At the receiver, the triple-h OFDM-CPFSK signal is demodulated by a FFT module. Then, to get the received binary data, a simple differential decoder is demonstrated. As the phase state of the present symbol is determined by the cumulative phase of the previous symbols and the input binary data at present time, we subtract the phase state of the last symbol from that of the current symbol. The subtract is only determined by the current input binary data. Then, we can get the current input binary data from the subtract directly. The decision block of differential decoder is shown in Fig. 2 . After anglefÁg block, phase is limited to ½À; . Therefore, the differential decision block is limited to ½À2; 2. At receiver, the coherent received signal is subsequently fed into a digital phosphor oscilloscope (Tektronix DPO72004C) operating at 50 GSa/s to implement the A/D conversion. Then we download the received signal into a MATLAB program to implement the off-line data processing, capture the synchronization signal to pinpoint the start of FFT window, separate the training symbols and data symbols, and remove CP. Estimate the transfer function of the optical transport channel by least squares (LS) technique with low complexity. Equalize the received signal through a zero-forcing (ZF) equalizer operating in the frequency domain to mitigate the linear distortion. Therefore, the IFFT and FFT modules are indispensable. The equalized signal is fed into the OFDM demodulation block. Then the triple-h CPFSK signal is decomposed by angle and phase unwrapping blocks. Subsequently, we feed the decomposed phase signal into the proposed differential decoder block to get the received binary data.
Experiment

Experiment Setup
In our experiment, the electrical spectrums are monitored by an electrical spectrum analyzer (Tektronix DPO72004C). The overall link rate is 10 Gb/s. The data rate is determined by the link rate and the ratio of data sub-carriers to the total sub-carriers. As 53 sub-carriers are utilized to transport the data stream, the data rate in our experiment is 53=64 Â 10 Gb/s % 8:3 Gb/s.
Experiment and Simulation Results
Experiment results on electrical spectrums of the 10 Gb/s OFDM-MSK signal and the 10 Gb/s triple-h OFDM-CPFSK signal are shown in Fig. 4 . Electrical spectrum width of the triple-h OFDM-CPFSK signal is almost half of that of OFDM-MSK signal at the same bit rate 10 Gb/s. This demonstrates that the triple-h OFDM-CPFSK scheme does improve SE of OFDM-MSK, up to 2 times as much as that of OFDM-MSK scheme. Fig. 5 shows the simulation results on BER performance of the 10 Gb/s OFDM-MSK signal and the 10 Gb/s triple-h OFDM-CPFSK signal versus fiber length. In our simulation, fiber parameters are set as follows. Fiber chromatic dispersion is 17 ps/nm/km, attenuation loss is 0.2 dB/km, nonlinear refractive index is 2:6 Â 10 À20 m 2 =w, optical signal to noise ratio (OSNR) is set at 10 dB. Other parameters are set the same as that in our experiments. The simulation results show that the 10 Gb/s OFDM-MSK signal outperforms the 10 Gb/s triple-h OFDM-CPFSK signal when the fiber length is less than 400 km; while the 10 Gb/s triple-h OFDM-CPFSK signal beats the 10 Gb/s OFDM-MSK signal when the fiber length is more than 400 km.
This performance difference versus fiber length also demonstrates that SE of the proposed triple-h OFDM-CPFSK scheme is higher than that of the OFDM-MSK scheme. The main difference between OFDM-MSK and multiple-h OFDM-CPFSK is that their SE is not the same. In specific, SE of the triple-h OFDM-CPFSK scheme is about twice of that of OFDM-MSK. Higher SE contributes to more effectively counteracting chromatic dispersion (CD) and polarization mode dispersion (PMD), especially in long-haul high-speed transmission. Better performance of the triple-h OFDM-CPFSK scheme in counteracting CD and PMD guarantees its robust performance after 1000 km SSMF transmission. Therefore, even though OFDM-MSK can beat triple-h OFDM-CPFSK when fiber length is less than 400 km, the triple-h OFDM-CPFSK outperforms OFDM-MSK when large CD and PMD is introduced after 1000 km SSMF transmission. Fig. 6 shows our experiment results on BER performance of the 10 Gb/s triple-h OFDM-CPFSK signal and the 10 Gb/s OFDM-MSK signal without CD and PMD compensation after 300 km and 1000 km transmission over SSMF, respectively. BERs of the 10 Gb/s OFDM-MSK signal are better than that of the 10 Gb/s triple-h OFDM-CPFSK signal after 300 km transmission; however, BERs of the 10 Gb/s triple-h OFDM-CPFSK signal are much better than that of the 10 Gb/s OFDM-MSK signal after 1000 km transmission. This demonstrates not only that the triple-h OFDM-CPFSK scheme has more potential in long-haul high-speed transmission than the OFDM-MSK scheme does, but also proves that the proposed triple-h OFDM-CPFSK scheme improve SE of OFDM-MSK indeed.
Conclusion
OFDM-MSK is extended to a multiple-h OFDM-CPFSK scheme to improve its SE in this paper. We theoretically prove that the available h in the proposed multiple-h OFDM-CPFSK scheme is only the multiple of 1/2. Besides, a simple triple-h OFDM-CPFSK scheme is demonstrated as an example of the proposed multiple-h OFDM-CPFSK scheme, and SE of the triple-h OFDM-CPFSK scheme is about twice as much as that of OFDM-MSK scheme. In our proof-of-concept experiment, 10 Gb/s triple-h OFDM-CPFSK signal and 10 Gb/s OFDM-MSK signal are successfully transported over 1000 km SSMF. Experiment results on electrical spectrums are presented to demonstrate the improvement in SE. Simulation and experiment results on BER of the 10 Gb/s triple-h OFDM-CPFSK and the 10 Gb/s OFDM-MSK after 300 km and 1000 km transmission show a robust performance of the proposed scheme in high-speed long-haul optical communication systems.
